Aim: The sodium glucose cotransporter 2 (SGLT2) plays an important role in renal glucose reabsorption, thus serves as a new target for the treatment of diabetes. The purpose of this study was to evaluate SHR3824 as a novel selective SGLT2 inhibitor and to characterize its in vivo effects on glucose homeostasis. The effects of chronic administration of SHR3824 on peripheral insulin sensitivity and pancreatic β-cell function were also investigated. Methods: The in vitro potency and selectivity of SHR3824 were assessed in HEK293 cells transfected with human SGLT2 or SGLT1. Acute and multi-dose studies were performed on ICR mice, GK rats and db/db mice to assess the ability of SHR3824 to enhance urinary glucose excretion and improve blood glucose levels. 2-Deoxyglucose uptake and insulin immunohistochemical staining were performed in the soleus muscle and pancreas, respectively, of db/db mice. A selective SGLT2 inhibitor BMS512148 (dapagliflozin) was taken as positive control. Results: SHR3824 potently inhibited human SGLT2 in vitro, but exerted much weak inhibition on human SGLT1 (the IC 50 values of SHR3824 against human SGLT2 and SGLT1 were 2.38 and 4324 nmol/L, respectively). Acute oral administration of SHR3824 (0.3, 1.0, 3.0 mg/kg) dose-dependently improved glucose tolerance in ICR mice, and reduced hyperglycemia by increasing urinary glucose excretion in GK rats and db/db mice. Chronic oral administration of SHR3824 (0.3, 1.0, 3.0 mg·kg -1 ·d -1 ) dose-dependently reduced blood glucose and HbA1c levels in GK rats and db/db mice, and significantly increased insulin-stimulated glucose uptake in the soleus muscles and enhanced insulin staining in the islet cells of db/db mice. Conclusion: SHR3824 is a potent and selective SGLT2 inhibitor and exhibits antidiabetic efficacy in several rodent models, suggesting its potential as a new therapeutic agent for the treatment of type 2 diabetes.
Introduction
Several national and regional studies have documented a rapid increase in the prevalence of diabetes in the Chinese adult population. The China National Diabetes and Metabolic Disorders Study, conducted from June 2007 through May 2008, recently indicated that diabetes has reached epidemic proportions in the general adult population in China. Overall, 92.4 million adults (9.7% of the adult population) have diabetes [1] . The rapid increase in the prevalence of diabetes and its serious complications, including cardiovascular diseases, renal failure (requiring dialysis or transplant), blindness and diabetic neuropathy, have significantly jeopardized patient quality of life and have become a huge economic burden to Chinese society [2] . The kidneys play an important role in the regulation of plasma glucose levels by reabsorbing nearly the entire filtered load of glucose in the proximal tubule. Glucose reuptake in the proximal tubule is mediated by sodium-glucose cotransporters (SGLTs) [3] . Approximately 90% of the reabsorbed glucose in the kidney has been shown to occur in S1 segments of the proximal tubules, where the low-affinity, high-capacity SGLT2 resides. The remaining 10% is removed during passage of the filtrate through the S3 segment, where the highaffinity, low-capacity SGLT1 resides [4] . Although SGLT1 plays a minor role in renal glucose reabsorption, this co-transporter facilitates the absorption of dietary glucose in the intestine.
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Evidence for the deleterious effects of SGLT1 inhibition has been derived from individuals with mutations in the SGLT1 gene. These patients experience glucose-galactose malabsorption syndrome, which results in severe, sometimes fatal diarrhea [5] . Mutations in the SGLT2 gene result in renal glucosuria [6] . These findings indicate that SGLT2 plays a dominant role in the control of glucose transport in the kidney and that the level of specificity for SGLT2 inhibition is an important consideration because SGLT1 inhibition is associated with potentially serious side effects.
The first SGLT inhibitor evaluated was phlorizin, which was isolated from the root bark of the apple tree. Phlorizin demonstrated antidiabetic potency, lowering plasma glucose levels and improving insulin resistance by increasing renal glucose excretion [7] . However, phlorizin was not developed as a drug for the treatment of diabetes because of its nonselective activity on both SGLT1 and SGLT2 and its metabolic instability in vivo [8] . Subsequently, several companies developed SGLT2 inhibitors that lacked the disadvantages of phlorizin, and some of these compounds have progressed to late stage clinical trials or are even available for clinical use [9] [10] [11] [12] . One of the earliest selective SGLT2 inhibitors reported, dapagliflozin (formerly known as BMS512148), was shown to be a selective and orally effective SGLT2 inhibitor able to induce renal glucose excretion and reduce glucose excursions in normal and diabetic rats [13] . Type 2 diabetes mellitus (T2DM) is characterized by insulin resistance and pancreatic β-cell dysfunction. The correction of hyperglycemia by the inhibition of SGLT2 is thought to improve this metabolic disorder. Two weeks of treatment with dapagliflozin improved glucose utilization and was accompanied by reduced glucose production and enhanced glucose influx into liver tissue, but the treatment showed no effect on glucose uptake in skeletal muscle and adipose tissue [13] . Similar results have been described for other SGLT-2 inhibitors, for example, T-1095 and empagliflozin [14, 15] . Gluco-or lipotoxicity contributes to the decline of β-cell function and mass [16] . The prevention of hyperglycemia by deleting SGLT2 in db/db mice preserved pancreatic cell function in vivo [17] . Chronic phlorizin administration restored insulin secretion and normalized β-cell volume and gene expression [18] [19] [20] . Long-term studies of canagliflozin and dapagliflozin treatment yielded similar results [21, 22] . These data indicate that long-term treatment with SGLT2 inhibitors in animal models of T2DM can protect β-cell function.
SHR3824 is a novel SGLT2 inhibitor, which is structurally different from other SGLT2 inhibitors that are currently available or in the late stages of clinical development. In this study, we characterized the in vitro potency of SHR3824 to inhibit SGLT2 and its selectivity on SGLT1. In addition, we evaluated the effects of acute and chronic SHR3824 treatment on urinary glucose excretion and blood glucose levels in normal mice, GK rats and db/db mice. Moreover, the effects of chronic administration of SHR3824 on the insulin sensitivity of skeletal muscle and pancreatic β-cell function in db/db mice were investigated. SHR3824 ((1R,2S,3S,4R,5R) Figure 1A ) and dapagliflozin (BMS512148) were synthesized by the Jiangsu Hengrui Pharmaceutical Co, Ltd (Lianyungang, China).
Materials and methods

Chemicals
-5-(4-Chloro-3-(4-ethoxy-3-fluo- robenzyl)phenyl)-1-(hydroxymethyl)-6,8-dioxabicyclo[3.2.1] octane-2,3,4-triol,
Animals
Male ICR (Imprinting Control Region) mice, GK rats and Wistar rats were purchased from the Shanghai SLAC Laboratory Animal Co, Ltd (Shanghai, China). C57B6.Cg-m +/+ Leprdb/J (db/db) mice and their lean littermates +/+ (The Jackson Laboratory, Bar Harbor, ME, USA) were bred at the Shanghai Institute of Materia Medica (SIMM), Chinese Academy of Sciences. The animals were maintained under a 12-h light-dark cycle with free access to water and food. All animal experiments were approved by the Animal Care and Use Committee, Shanghai Institute of Materia Medica, Chinese Academy of Sciences.
The Inhibitory Effects on Human SGLT1 and SGLT2 Human SGLT1 or SGLT2 cDNA (OriGene Technologies, Rockville, MD, USA) was ligated into the pCDNA3.1 vector. For containing different concentrations of SHR3824 or BMS512148 for 15 min, followed by the addition of 14 C-labeled (4 µmol/L) and non-labeled AMG (10 µmol/L) for 2 h at 37 °C. The cells were washed twice with ice-cold washing buffer (pretreatment buffer containing 100 µmol/L phlorizin) and then solubilized in 200 mmol/L NaOH. The radioactivity was measured using a liquid scintillation counter. The dose-response curves were fitted using GraphPad Prism (GraphPad Software) to determine the inhibitor concentration at the half-maximal response (IC 50 ).
The effect of acute SHR3824 treatment on normal mice To examine the effect of acute SHR3824 treatment on blood glucose after an oral glucose challenge, 0.1, 0.3, 1.0 or 3.0 mg/kg SHR3824, 1.0 mg/kg BMS512148 or vehicle (0.25% CMC-Na) was orally administered to 5 h-fasted ICR mice (n= 10 in each group) 60 min prior to an oral glucose load (2.5 g/kg). The blood glucose levels were measured 60 min before the glucose load, and 0, 15, 30, 60, and 120 min after the glucose load.
The anti-diabetic effects of acute and chronic SHR3824 treatment on type 2 diabetic GK rats Seven-week old male GK rats were fed a high-fat diet (M04-F; SLAC, Shanghai, China) for approximately 8 weeks before experimentation. At approximately 15 weeks of age, animals with similar blood glucose, HbA1c and body weight were randomly divided into vehicle or compound treatment groups (n=12 in each group). Wistar rats fed a normal diet were used as the lean control. SHR3824 (0.3, 1.0, or 3.0 mg/kg), BMS512148 (1.0 mg/kg) or vehicle (0.25% CMC-Na) was orally administered to GK rats once daily for 41 d. To examine the effects of acute and chronic SHR3824 treatment on urine and blood glucose levels, the animals were placed into metabolic cages on d 1 and 32 of treatment. The blood glucose levels were determined before dosing and 2, 4, 6, 9, and 24 h postdosing. Urine was collected at 6 h and 24 h post-dosing for glucose measurements. To assess the anti-diabetic effects of chronic SHR3824 treatment in GK rats, non-fasting (24 h postdosing) and fasting (6 h fasted and 6 h post-dosing) blood glucose, body weight and food consumption were measured at fixed time intervals. Blood samples were collected for HbA1c measurements on treatment d 38.
The anti-diabetic effects of acute and chronic SHR3824 treatment on type 2 diabetic db/db mice Seven-week old db/db mice were divided into 5 groups (n=12 in each group) based on non-fasting and fasting blood glucose, serum insulin levels and body weight. Wild-type littermates were used as the lean control. SHR3824 (0.3, 1.0, or 3.0 mg/kg), BMS512148 (1.0 mg/kg) or vehicle (0.25% CMCNa) were orally administered daily to db/db mice for 43 d. To examine the effects of acute and chronic SHR3824 treatment on urine and blood glucose levels, the animals were placed into metabolic cages on d 1, 13, and 40 of treatment. Urine was collected over a 6 h period after compound administration for glucose measurements. Blood glucose levels were determined before dosing and 2, 4, 6, 9, and 24 h post-dosing. To assess the anti-diabetic effect of chronic SHE3824 treatment in db/db mice, non-fasting (24 h post-dosing) and fasting (6 h fasted and 6 h post-dosing) blood glucose, body weight and food consumption were measured at fixed time intervals. Blood samples were collected from mice fasted for 6 h for insulin measurements. At the end of treatment, the soleus muscles were isolated from SH3824 (3.0 mg/kg) treated and vehicletreated control mice for 2-deoxyglucose uptake measurements. The pancreases of SH3824 (3.0 mg/kg), BMS512148 (1.0 mg/kg) treated or vehicle-treated mice were isolated and fixed for immunohistochemical analyses of insulin.
Measurements of 2-deoxyglucose uptake
The soleus muscles were isolated and incubated in pregassed (95% O 2 /5% CO 2 ) KHB buffer (NaCl 118.5 mmol/L, KCl 4.7 mmol/L, KH 2 PO 4 1.2 mmol/L, NaHCO 3 4 Bq/mL) (Perkin Elmer, MA, USA) with or without 120 nmol/L insulin and incubated for 20 min. The gas phase (95% O 2 /5% CO 2 ) and temperature (30 °C) were maintained during the muscle incubation. The muscles were frozen in liquid nitrogen and processed as described previously [23] . The glucose transport activity is expressed as μmol glucose analogue accumulated per mL of intracellular water per hour.
Immunohistochemical analysis
The pancreatic samples were fixed in 10% buffered formalin for 1 d and subsequently embedded in paraffin. The paraffin sections (3 μm) were cut, deparaffinized, rehydrated and placed in 3% hydrogen peroxide for 10 min at room temperature. The sections were then heated twice for 15 min at 90 °C in a microwave, rinsed with Tris-buffered saline with Tween 80 (TBS-T) twice for 5 min and then blocked with 5% normal goat serum (Beijing Dingguo Reagent Co, Ltd, Beijing, China) for 45 min. The sections were then incubated with the primary antibody, ready-to-use guinea pig polyclonal anti-Yan PK et al Acta Pharmacologica Sinica npg insulin antibody (Cat#: 58916, Abcam), overnight at 4 °C. The sections were washed with TBS-T and blocked with 10% normal goat serum for 30 min. Bound antibody was detected using a ready-to-use rabbit polyclonal secondary antibody to guinea pig IgG H&L (Cat#: ab6771, Abcam) for 30 min. The sections were rinsed with TBS-T and developed for 15 min using a DAB substrate kit (Sangon Biotech, Shanghai, China). Finally, the slides were washed with TBS-T, counterstained with hematoxylin, dehydrated and mounted.
Sample handling and analysis Blood glucose levels were measured using an Accu-Chek Advantage Glucose Monitor (Roche, Diagnostics GmbH, Germany). The urinary glucose levels were determined by a glucose oxidase method (Applygen, Beijing, China). The serum insulin levels were measured using a 96-well ultra sensitive mouse insulin ELISA kit (Crystal Chem Inc, Downers Grove, IL, USA). The HbA1c was measured using an automatic biochemical analyzer (7020, Hitachi Instrument Co, Ltd, Japan).
Statistical analysis
All data are expressed as the mean±SEM. The statistical analysis between two groups was performed using an unpaired Student's t-test. A value of P<0.05 was considered to be statistically significant.
Results
The inhibitory effects of SHR3824 on human SGLT2 and SGLT1 The inhibitory effects of SHR3824 and BMS512148 on AMG uptake in HEK293 cells transiently transfected with a human SGLT expression plasmid are shown as IC 50 values in Figure 1B. SHR3824 exhibits an IC 50 of 2.38 nmol/L against hSGLT2 that is similar to the IC 50 of 1.09 nmol/L observed for BMS512148. The IC 50 values of SHR3824 and BMS512148 against hSGLT1 are 4324 and 818 nmol/L, respectively. The ratios of selectivity (IC 50 of hSGLT1/hSGLT2) of SHR3824 and BMS512148 were 1817 and 750, respectively. These data suggest that SHR3824 is a potent and selective SGLT2 inhibitor.
The effect of acute administration of SHR3824 on blood glucose levels in normal mice Figure 2A depicts the glucose profiles obtained during the oral glucose tolerance test (OGTT) in ICR mice after oral administration of SHR3824 (0.1-3.0 mg/kg), BMS512148 (1.0 mg/kg) or vehicle. SHR3824 administration produced a dose-related improvement of glucose tolerance and caused a significant decrease in the glucose AUC 0-120 min of 20.6%, 26.8%, and 31.6% at doses of 0.3, 1.0, and 3.0 mg/kg (P<0.05), while administration of 1.0 mg/kg BMS512148 showed a similar glucose lowering effect with a reduction rate of 31.8% ( Figure 2B ). Therefore, a single oral dose of SHR3824 improved glucose tolerance in normal mice after a glucose challenge.
The effect of SHR3824 on urinary glucose excretion and blood glucose after acute and multiple dosing in GK rats To assess whether acute administration and multiple doses of SHR3824 increased urinary glucose excretion by inhibiting renal glucose reabsorption, we orally administered SHR3824 (0.3, 1.0, or 3.0 mg/kg) to GK rats once daily for 41 d. The blood glucose, urine volume and urinary glucose excretion were measured on d 1 and 32 of treatment. As shown in Figure 3 , the urine volume and urinary glucose excretion were increased by either acute or multiple oral administration of SHR3824 in a dose-dependent manner, and most of the glucose was excreted within 6 h of administration. On d 1 of treatment, 0.3, 1.0, or 3.0 mg/kg of SHR3824 increased the urinary glucose excretion during the first 6 h by 1.8-, 2.1-, and 2.2-fold compared with the vehicle-treated controls (P<0.01) while BMS512148 (1.0 mg/kg) increased the urinary glucose excretion by 3.0-fold (P<0.01). On d 32 of treatment, 0.3, 1.0, or 3.0 mg/kg of SHR3824 increased the urinary glucose excretion during the first 6 h by 1.6-, 1.8-, and 1.8-fold compared with the vehicle-treated controls (P<0.01) while BMS512148 (1.0 mg/kg) increased the urinary glucose excretion by 2.1-fold (P<0.01). Thus, SHR3824 was confirmed as a selective SGLT2 inhibitor capable of increasing urinary glucose excretion in a The anti-diabetic effects of chronic SHR3824 treatment on GK rats SHR3824 (0.3, 1.0, or 3.0 mg/kg), BMS512148 (1.0 mg/kg) or vehicle was orally administered to GK rats once daily for 41 d. As shown in Figure 4A and 4B, the fasting and non-fasting glucose levels of GK rats were significantly higher than that of lean controls throughout treatment. The administration of SHR3824 caused significant reductions in the non-fasting and fasting blood glucose levels after 5 d of treatment compared Figure 4 . The anti-diabetic effects of chronic SHR3824 treatment on random blood glucose levels (A), fasting blood glucose levels (B), HbA1c (C), body weight (D) and food intake (E) in GK rats. SHR3824, BMS512148 or vehicle was orally administered to GK rats once daily for 41 d. .09%, and 5.04%±0.07%, respectively, demonstrating a dosedependent decrease compared with vehicle-treated controls (6.31%±0.11%) (P<0.01). SHR3824 affected neither the body weight nor the food intake during the treatment period (Figure 4D) .
The effects of SHR3824 on urinary glucose excretion and blood glucose levels after acute and multiple dosing in db/db mice To evaluate the effects of acute and multiple dosing of SHR3824 on urinary glucose excretion and blood glucose levels, 7-week old db/db mice were orally treated with SHR3824 (0.3, 1.0, or 3.0 mg/kg), BMS512148 (1.0 mg/kg) or vehicle alone once daily for 43 d. The blood glucose levels, urine volume and urinary glucose excretion were measured at d 1, 13, and 40 of treatment. As shown in Figure 5 , SHR3824 caused a dose-dependent increase in urine volume and urinary glucose excretion between 0 and 6 h post-dose administration on treatment d 1, 13, and 40, concomitant with a decrease in plasma glucose levels. On the first day of treatment, the acute administration of 0.3, 1.0, or 3.0 mg/kg SHR3824 caused a 1.9-, 2.6-, and 2.8-fold increase in urinary glucose excretion compared with vehicle treatment over a 6 h period post-dose Figure 6 , the administration of all three doses of SHR3824 caused significant reductions in the fasting blood glucose levels after 5 d of treatment compared with vehicle-treated controls (P<0.01), and this effect was sustained throughout treatment. After 43 d of treatment with 0.3, 1.0, or 3.0 mg/kg SHR3824, the non-fasting and fasting blood Figure 6 . The anti-diabetic effects of chronic SHR3824 treatment on random blood glucose levels (A), fasting blood glucose levels (B), body weight (C), food intake (D) and insulin levels (E) in db/db mice. To determine whether SHR3824 improved hyperinsulinemia in type 2 diabetic mice, serum fasting insulin levels were measured pre-dose and on treatment d 38. As shown in Figure 6E , hyperinsulinemia was observed at the beginning of the experiment in all db/db mice compared with lean mice. Treatment with 3.0 mg/kg of SHR3824 significantly reduced the serum insulin levels by 21.1% (P<0.05), while treatment with 1.0 mg/kg BMS512148 resulted in a comparable decrease of 25.3%. These data suggest that chronic treatment with SHR3824 may improve the peripheral insulin sensitivity of db/db mice. To further study the insulin sensitivity of skeletal muscle, the soleus muscles were isolated from SHR3824 (3.0 mg/kg) treated and vehicle-treated control mice at the end of treatment for measuring 2-deoxyglucose uptake ( Figure 7 ). Insulin incubation stimulated 2-deoxyglucose uptake in the soleus muscles. Chronic treatment with SHR3824 significantly enhanced the insulin-stimulated glucose uptake in the soleus muscles of db/db mice compared with vehicle-treated controls (P<0.05). The insulin-stimulated glucose uptake was increased by 43% in the soleus muscles of vehicle-treated control mice, whereas an 84% increase in the insulin-stimulated glucose uptake was observed in the soleus muscles of SHR3824 treated mice.
To evaluate the chronic effects of SHR3824 treatment on pancreatic β-cell function, the pancreases of SHR3824 (3.0 mg/kg), BMS512148 (1.0 mg/kg), vehicle-treated control and lean control mice were isolated at the end of treatment and immunohistochemical analyses of insulin staining were performed. As shown in Figure 8 , weak insulin staining with an irregular β-cell distribution was observed in the vehicletreated db/db mice compared with vehicle-treated lean mice, indicating that β-cell function was impaired in the db/db mice. SHR3824 treatment for 43 d significantly increased insulin staining and enhanced insulin antigen positivity with regular distribution of β-cells, indicating that β-cell function was improved. The chronic BMS512148 treatment showed similar effects.
Discussion
The correction of hyperglycemia by enhancing urinary glucose excretion is an approach that has been reported in the literature for many years. SGLT2 is responsible for most of the glucose reabsorption in the kidneys, and thus, it is a new molecular target for the treatment of diabetes. Several SGLT2 inhibitors are currently being developed for diabetes treat- www.nature.com/aps Yan PK et al Acta Pharmacologica Sinica npg ment [24] . One such compound, BMS512148, induces renal glucose excretion, thereby eliciting sustained glucose reduction in normal and type 2 diabetic subjects, in addition to animal models. This unique mechanism of utilizing SGLT2 inhibition for the treatment of hyperglycemia does not rely on insulin secretion or insulin action and thus has a low risk of inducing hypoglycemia. In addition, it has the potential to be weight-neutral or to promote weight loss, due to the elevated urinary glucose excretion [25] . This is an attractive therapeutic approach for diabetes that could be effective in a wide variety of patients. In the present study, we identified SHR3824 as a novel potent and selective SGLT2 inhibitor and evaluated the pharmacological effects of acute and chronic SHR3824 treatment on metabolic control in normal and diabetic rodent models.
The potency and selectivity of SHR3824 on SGLT2 inhibition was tested in HEK293 cells transiently transfected with human SGLT1 and SGLT2, using BMS512148 as a positive control. SHR3824 exhibited a strong inhibition of hSGLT2, with an IC 50 value in the low nanomolar range but demonstrated a much weaker inhibition activity on hSGLT1, with an IC 50 value in the micromolar range. The potency and selectivity of SHR3824 is quite similar to that of the positive control compound, BMS512148. These data indicate that SHR3824 is a potent and selective SGLT2 inhibitor, and ensure that the majority of the pharmacology observed is due to renal SGLT2 inhibition.
An oral glucose tolerance test was performed in normal mice to investigate the effects of SHR3824 on postprandial blood glucose levels. The acute administration of SHR3824 exhibited good oral bioavailability and dose-dependently reduced the elevated blood glucose levels caused by oral glucose challenge. The minimal effective dose of SHR3824 required to reduce blood glucose levels was 0.3 mg/kg, which caused 20.6% reduction of the glucose AUC 0-120 min values. These data indicate that SHR3824 may suppress postprandial hyperglycemia clinically.
To demonstrate that the antihyperglycemic effects of SHR3824 were induced by its inhibitory effect on SGLT2 in vivo, the urinary glucose excretion was measured in type 2 diabetic GK rats and db/db mice after acute administration and multiple dosing with SHR3824. The GK rat is a model of hyperglycemia and glucose intolerance while the db/db mouse is a genetic model of type 2 diabetes that exhibits hyperglycemia, hyperinsulinemia, hyperglucagonemia and severe wholebody insulin resistance [26, 27] . Both the GK rats and db/db mice displayed increased urine volumes and glucosuria due to diabetes. The acute administration of SHR3824 dose-dependently induced a significant increase in the urine volume and urinary glucose excretion in both GK rats and db/db mice at the minimum effective dose of 0.3 mg/kg. These increases were much more apparent within the first 6 h rather than 6 h to 24 h postdose administration and were accompanied by an obvious decrease in blood glucose levels, demonstrating the ability of acute oral administration of SHR3824 to reduce blood glucose levels by enhancing urinary glucose excretion in diabetic rats and mice. BMS512148 showed pharmacological effects that were similar to SHR3824, consistent with previous reports using other SGLT2 inhibitors in glucose intolerant rodents, including rats fed a high-fat diet and Zucker fatty rats and mice [13, 28] . Although previous studies have shown that the acute administration of SGLT2 inhibitors resulted in glucosuria that was accompanied by blood glucose lowering, there were few studies that evaluated the effects of multiple doses of SGLT2 inhibitors on urinary glucose excretion. In this study, we investigated the effects of SH3824 on urinary glucose excretion and blood glucose levels after 32 d and 13 or 40 d of treatment in GK rats and db/db mice, respectively. The vehicle-treated control groups of both GK rats and db/db mice maintained high blood glucose levels and glucosuria after chronic treatment. SHR3824 caused a significant increase in the urinary glucose excretion and a decrease in the blood glucose levels in GK rats after 32 d of treatment and in db/db mice after 13 or 40 d of treatment. The efficacy of this treatment is similar to that observed after acute administration of SHR3824. These data suggest that SHR3824 has the ability to sustain blood glucose lowering by enhancing glucosuria after multiple dosing without causing any apparent tachyphylaxis.
Several studies have demonstrated the effectiveness of longterm SGLT2 inhibition on ameliorating metabolic disorder in diabetic animal models. Based on the increased urinary glucose excretion caused by acute or multiple administration of SHR3824 to GK rats and db/db mice, we expected that the metabolic disorder in those diabetic rodent models would also be improved after chronic treatment. During the 41 (GK rats) or 43 d (db/db mice) of treatment with 0.3, 1.0, or 3.0 mg/kg of SHR3824, the fasting blood glucose levels in GK rats or db/db mice were significantly lower than those of vehicle-treated control animals. Furthermore, the HbA1c levels in GK rats were also dose-dependently reduced after 38 d of treatment, suggesting that the hyperglycemia in these type 2 diabetic animal models can be treated by chronic administration of the SGLT2 inhibitor SHR3824. Although SGLT2 inhibitors have been demonstrated to decrease body weight in clinical studies, the chronic administration of SHR3824 affected neither the body weight nor the food intake in GK rats or db/db mice, as reported previously by several other SGLT2 inhibitor studies [13, 29] . Peripheral insulin resistance in patients is a major challenge of T2DM therapies. Chronic hyperglycemia aggravates insulin resistance [30] . Therefore, it is expected that a decrease in blood glucose levels could improve insulin sensitivity. Skeletal muscle is the major site for the disposal of ingested glucose, accounting for approximately 80% of the whole-body glucose disposal under insulin-stimulated conditions [31, 32] . As the first rate-limiting step in skeletal muscle glucose metabolism, glucose uptake is markedly impaired under diabetic conditions [33] . A few studies have demonstrated that long-term treatment with SGLT2 inhibitors could enhance insulin sensitivity in the livers of type 2 diabetic animal models, but did not effect insulin sensitivity in muscle and adipose tissue [13] [14] [15] . In this study, a significant decrease in serum insulin levels was observed after chronic treatment with SHR3824 that was accompanied by decreased fasting blood glucose and HbA1c levels, suggesting that whole-body insulin sensitivity was improved. Moreover, the insulin-stimulated glucose uptake in the soleus muscle was significantly enhanced, confirming that insulin sensitivity was increased in the skeletal muscle. The improved insulin sensitivity in skeletal muscle caused by SHR3824 may be due to the long-term (6 weeks) treatment, whereas 2 weeks of treatment of ZDF rats with dapagliflozin did not significantly enhance glucose uptake in skeletal muscle in a hyperinsulinemic-euglycemic clamp study [13] . Although glucose is the major physiological stimulator of insulin secretion and biosynthesis, extensive exposure of pancreatic β-cells to high levels of glucose in vitro causes β-cell dysfunction that is associated with impaired insulin secretion and biosynthesis [34] . Prolonged poor glycemic control in diabetic patients often leads to a decline in the insulin secretion of pancreatic β-cells and a worsening of the diabetic state [35, 36] . Thus, a great challenge in type 2 diabetes therapy is the progressive loss of β-cell mass and the deterioration of β-cell function. In this study, the immunohistochemical analyses showed reduced insulin staining in the islet cells of db/db vehicle-treated control mice compared with lean mice, indicating a potential defect in β-cell function. Chronic treatment with SHR3824 increased insulin staining in the islet cells of db/db mice, suggesting that β-cell function was improved. This result is similar to several other SGLT2 inhibitor studies reported previously [14, 22] , and might be due to the correction of chronic hyperglycemia by enhancing urinary glucose excretion. Thus, SGLT2 inhibitors may contribute to the protection of β-cell function by suppressing glucose toxicity.
In summary, our studies demonstrate that SHR3824 is a potent and selective SGLT2 inhibitor that corrects hyperglycemia by enhancing urinary glucose excretion after acute or multiple dosing in several normal and diabetic rodent models. Chronic treatment with SHR3824 not only improves glycemic control and decreases HbA1c levels but also improves insulin sensitivity and restores β-cell function. These properties of SHR3824 suggest that it has the potential to be a new therapeutic agent for the treatment of type 2 diabetes. SHR3824 is currently in phase I clinical studies in China.
